Acknowledgments: Supported by funds from the Harry S. and Isabel C. Cameron Foundation 3 (J.O.), the Neurodegeneration Consortium and the Belfer Family Foundation (J.C. and M.B.), 4 NIH NS085171, NS086965 (J.C.), and NIH NS077989 (M.B.). We thank Michael Zhu and Oleh 5 Pochynyuk for help with mouse models, John Magnotti for statistical advice and Fabricio Do 6 Monte for helpful discussions. 7 Abstract 8 During slow-wave sleep (SWS) and anesthesia, thalamocortical networks generate slow (< 1 9 Hz) oscillations, with activity in individual neurons showing rhythmic fluctuations between Up 10 and Down States. Neocortical Up states are driven by persistent synaptic activity in recurrent 11 networks. In contrast, rhythmic up states in thalamic neurons are thought to be primarily 12 mediated by cell-intrinsic mechanisms, with postsynaptic Group 1 metabotropic glutamate 13 receptor (mGluR) activation leading to the generation of long-lasting plateau potentials mediated 14 by both T-type Ca 2+ currents and calcium-activated nonselective cation currents (I CAN ). However, 15 the molecular identity of I CAN and the role of thalamic synaptic networks in generating slow 16 oscillations remain unclear. By performing recordings in thalamic slices derived from adult mice 17
Introduction 40
A defining feature of natural sleep and anesthesia are slow (< 1Hz) and synchronized rhythms 41 in the thalamocortical system. Rather than acting as a "default state" in the absence of 42 behaviorally relevant sensory inputs, slow oscillations during sleep are thought to be critical for 43 the grouping of higher frequency activity such as sleep spindles (Lüthi, 2014) , network plasticity 44 and memory consolidation (Steriade & Timofeev, 2003; Diekelmann & Born, 2010) , and for 45 homeostatic processes including the clearance of metabolites (Varga et al., 2016) . On a cellular 46 level, slow oscillations are characterized by rapid transitions between periods of sustained 47 depolarizations (Up states) and quiescence (Down states), in both neocortex (Steriade et al., 48 1993b; Sanchez-Vives and McCormick, 2000) and thalamus (Steriade et al., 1993a; Crunelli 49 and Hughes, 2010) . In neocortex, slow oscillations result from activity in extensively 50 interconnected networks of excitatory neurons, leading to long-lasting, rhythmic barrages of 51 synaptic activity which are highly synchronous across large neuronal populations (Sanchez-52
Vives & McCormick, 2000) . It was originally assumed that slow oscillations initiate in neocortex 53 and then spread to thalamic targets (Steriade et al., 1993a) . Neocortical slow oscillations persist 54 be evoked by brief depolarizing current steps in the absence of synaptic signaling. PF was 81 triggered by Ca 2+ influx through T-type Ca 2+ channels and generated by long-lasting plateau 82 potentials mediated by TRPM4 conductances. Our findings highlight how intrinsic properties of 83 TRN neurons and intra-thalamic synaptic networks interact to generate slow thalamic oscillatory 84 activity. at Houston (UTHealth) animal welfare committee. 97 98 Slice Preparation. Brain slices derived from adult animals (P90-120) were prepared as 99 described previously (Ting et al., 2014) . Briefly, male or female mice were anesthetized using 100 isoflurane and perfused using an ice cold N-Methyl-D-Glutamine (NMDG) based solution 101 saturated with 95% O 2 -5% CO 2 consisting of the following (in mM): 92 NMDG, 2.5 KCl, 1.25 102 NaH 2 PO 4 , 10 MgSO 4 , 0.5 CaCl 2 , 30 NaHCO 3 , 20 glucose, 20 HEPES, 2 thiouera, 5 Na-103 ascorbate, and 3 Na-pyruvate. Brains were removed and horizontal slices (300 µm) were cut in 104 ice-cold NMDG-based solution using a VT1200 S vibratome (Leica). Slices were then held in 105 NMDG-based solution maintained at 35°C for ~12 minutes before being transferred to a 106 modified artificial cerebrospinal fluid (ACSF) held at room temperature, consisting of the 107 following (in mM): 92 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , 2 CaCl 2 , 30 NaHCO 3 , 25 glucose, 108 20 HEPES, 2 thiouera, 5 Na-ascorbate, and 3 Na-pyruvate. Slices from younger animals (P13-109 38) were prepared as described previously (Agmon & Connors, 1991) . Briefly, mice were 110 anesthetized using isoflurane and then decapitated. Slices were cut in ice-cold cutting solution 111 saturated with 95% O 2 /5% CO 2 consisting of the following (in mM): 213.4 sucrose, 2.5 KCl, 1.25 112 NaH 2 PO 4 , 10 MgSO 4 , 0.5 CaCl 2 , 26 NaHCO 3 , and 11 glucose. Slices were then transferred to 113 ACSF consisting of the following (in mM): 126 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 2 MgCl 2 , 2 CaCl 2 , 114 26 NaHCO 3 and 10 glucose, incubated at 35°C for 20 minutes and then held at room 115 temperature until used for experiments. 116 117 Electrophysiological Recordings. Recordings were performed in a chamber perfused with 118 ACSF held at 32-34°C using a Warner Instruments TC-324B in-line heater. Cells were 119 visualized via infrared differential interference contrast (IR-DIC) under an Olympus BX51WI 120 microscope equipped with a Dage-MTI IR-1000 camera. Whole-cell recordings were obtained 121 using glass pipettes with a tip resistance of 3-5 MΩ. For current clamp recordings, we used a 122 potassium-based internal solution consisting of (in mM): 133 K-Gluconate, 1 KCl, 2 MgCl 2 , 0.16 123 CaCl 2 , 10 HEPES, 0.5 EGTA, 2 Mg-ATP, and 0.4 Na-GTP (adjusted to 290 mOsm and pH 7.3). 124
For voltage clamp recordings of inhibitory postsynaptic currents in neurons of the ventrobasal 125 nucleus of the thalamus (VB), recording pipettes were filled with a cesium-based internal 126 solution consisting of (in mM): 120 CsMeSO 3 , 1 MgCl 2 , 1 CaCl 2 , 10 CsCl, 10 HEPES, 3 QX-314, 127 11 EGTA, 2 Mg-ATP, and 0.3 Na-GTP (adjusted to 295 mOsm and pH 7.3). For loose-patch 128 recordings, 3-5 MΩ pipettes were filled with ASCF. To probe oscillatory network activity, 129
Glutamine (0.3 mM) was added to the ACSF (Bryant et al., 2009 ; Pita-Almenar et al., 2014). In 130 some experiments we replaced extracellular NaCl with equimolar NMDG and used an internal 131 solution consisting of (in mM): 133 K-Gluconate, 1 KCl, 4 NaCl, 2 MgCl 2 , 0.16 CaCl 2 , 10 132 HEPES, 0.5 EGTA, 2 Mg-ATP, and 0.4 Na-GTP (adjusted to 290 mOsm and pH 7.3). For 133 optogenetic experiments cholinergic afferents were activated using 1 ms pulses of blue light 134 using an LED light source (UHP-T-450-EP, Prizmatix) delivered through a 60x, 0.9 NA water-135 immersion objective (Olympus) and centered locally in the TRN. 136 NBQX, apamin, nimodopine, nifedopine, TTX, 2-APB, flufenamic acid, 9-phenthranol, 137 glibenclamide, CBA, and atropine were obtained from R&D Systems. ω-conotoxin MVII and 138 TTA-P2 were obtained from Alomone labs. All other chemicals were obtained from Sigma-139
Aldrich. 140 141 Data acquisition. Recordings were made using a Multiclamp 700B amplifier (Molecular 142 Devices), filtered at 3-10 kHz, and digitized at 20 kHz with a 16-bit analog-to-digital converter 143 (Digidata 1440A; Molecular Devices). Data were acquired using Clampex 10.3 software 144 (Molecular Devices) and analyzed using custom macros written in IGOR Pro (Wavemetrics). 145
146
Experimental design and statistical analysis. TRN neuronal firing evoked by brief (25 ms) 147 current steps was classified into two groups, bursting and persistent firing (PF), based on the 148 duration of the evoked membrane depolarization measured at half-amplitude (see Results). 149
Post-hoc K means cluster analysis confirmed that classification into two clusters explained the 150 largest amount of variance. We used a depolarization duration of 200 ms to distinguish between 151 bursting and PF. Due to rundown of PF in whole-cell mode, data acquisition in the TRN was 152 limited to 3 min following establishment of whole-cell configuration. Pharmacological 153 experiments examining the mechanisms underlying PF were carried out by performing 154 recordings in the presence of a given antagonist under study, and comparing results with 155 recordings performed under control conditions. All data in a given group were collected from 156 slices derived from a minimum of 2 animals and reported as mean ± SEM. All statistical 157 analyses were performed with Prism 7 software. To evaluate significant differences in the 158 proportion of PF between different experimental groups we performed a chi square test, and 159 report results in the following format: degrees of freedom in parentheses, followed by the chi-160 square value and p value. To test for significant differences in the duration of evoked membrane 161 depolarization between groups of neurons, we performed an unpaired t-test and report results 162 as: degrees of freedom in parentheses, followed by t value and p value. by performing loose-patch recordings from TRN neurons, we observed spontaneous and highly 177 rhythmic patterns of action potential activity that could last several minutes (n = 47 TRN 178 neurons, n = 17 slices). For 12/47 (26%) of recordings, action potential activity was organized 179 as rhythmic bursting (frequency: 1.9 ± 0.1 Hz, n = 12, Fig. 1A ). Interestingly, a second group of 180 recordings (17/47, 36%) revealed rhythmic patterns of sustained action potential activity we 181 termed persistent firing (PF), characterized by an initial high-frequency burst, followed by a long-182 lasting train of action potentials (duration: 964.9±256.4 ms, average firing frequency: 175±23.4 183 Hz, n = 17, Fig. 1B ). For neurons displaying rhythmic PF, oscillation frequency was 0.5 ± 0.1 Hz 184 (n = 17), significantly lower compared to the oscillation frequency of cells showing burst firing 185 (t(28) = 6.5, p = 10 -16 ; Fig. 1E ). The remaining recordings showed more complex patterns of 186 rhythmic activity that included single spikes, bursts and/or PF (n = 18, data not shown). These 187 data indicate the presence of two firing modes in the adult TRN, burst firing and PF, which are 188 associated with oscillatory activity at distinct frequencies. Postsynaptic mGluR activation by exogenous agonists or high-frequency stimulation of 200 glutamatergic afferents can lead to slow oscillatory activity in TRN neurons, even in the absence 201 of fast synaptic signaling (Blethyn et al., 2006) . In contrast, by performing whole-cell recordings 202 in TRN, we found that rhythmic patterns of PF did not occur spontaneously but instead were 203 evoked by brief bursts of large-amplitude thalamoreticular EPSPs (Fig. 1F ). Furthermore, 204 rhythmic IPSCs recorded in VB cells were fully blocked by bath application of NBQX (n = 5, Fig that the large majority of IPSCs were spike-mediated, without a detectable contribution of 214 asynchronous GABA release (Hefft & Jonas, 2005) . 215
We found that the majority of VB recordings showed oscillatory IPSC barrages with little 216 variability of the initial IPSC amplitude, consistent with activity of a single presynaptic TRN 217 neuron ( 3A,B) that terminated in a stepwise manner. Using the duration of the current-step evoked 237 membrane depolarization, we performed K means cluster analysis, confirming that TRN firing 238 patterns are most readily classified into two distinct groups, bursting and PF, with the latter 239 group displaying membrane depolarizations of > 200 ms. We found that PF remained stable for 240 several minutes but then decayed over time, regardless of composition of the internal solution 241 ( Fig. 3C ). Therefore, for the remainder of this study we limited data acquisition to the first 3 242 minutes in whole-cell mode. 243
244

PF occurs late during development and is controlled by SK conductances 245
Previous studies performed under similar experimental conditions have not reported PF in 246 preparations derived from younger animals (<P30). To determine if PF is developmentally 247 regulated, we carried out additional recordings in slices prepared from mice aged P13-18 and 248 P28-38. Compared to adult mice, only 1/24 (4%) of cells at P13-18 and 1/23 (4%) of cells at 249 P28-38 displayed PF ( Fig. 3D -F), indicating that PF is prominent only in fully mature animals. 250
The generation of plateau potentials that underlie PF is likely to be tightly regulated by 251 K + conductances, including small conductance Ca 2+ -activated K + channels (SK). To examine 252 this possibility, we performed recordings in the presence of the SK channel blocker apamin (100 253 nM). Compared to control conditions, a much larger fraction of TRN cells in adult animals 254 showed PF (92%, n = 46/50 χ 2 (1) = 47.5, p = 10 -16 ; Fig. 3D -F). Thus, excitatory conductances 255 responsible for PF are widely expressed in the adult TRN but appear to be strongly controlled 256 by SK conductances. Given the role of SK channels in regulating PF in the adult, the 257 developmental increase in PF we observed might be solely mediated by a progressive 258 downregulation of SK conductances. However, we found that even in the presence of apamin 259 the incidence of PF remained very low early in development and dramatically increased with 260 animal age (P13-18: 12%, n = 25, P28-38: 41%, n = 24, P90-120: 92%; Fig 
Activation of T-type calcium channels is required for PF 281
Next, we examined if PF is voltage-dependent, by evoking action potential activity from 282 two distinct holding potentials. TRN cells held initially at -60 mV never displayed PF or plateau 283 potentials (0/15 cells; Fig. 4C,D) . However, when the holding potential was adjusted to -75 mV, 284 8/15 neurons generated PF (χ 2 (1) = 1.7, p = 0.0013), suggesting that the underlying 285 mechanisms of PF are voltage dependent. 286
To further isolate the mechanisms responsible for PF, we employed a pharmacological 287 approach. Due to the washout of PF in whole-cell mode, it was not possible to quantify changes 288 in PF prior to and following bath application of antagonists for a given neuron. Therefore, we 289 performed all recordings in the presence of a given antagonist and made comparisons to 290 neurons recorded under control conditions (see Materials and Methods). To limit the number of 291 recordings required for meaningful statistical comparisons, we performed the following 292 experiments in the presence of apamin, which, as described above, results in PF in 92% of 293 neurons ( Fig. 3E,F) . 294
Previous studies have indicated that T-type Ca 2+ channels are critical for the generation 295 of mGluR-dependent Up states (Hughes et al., 2002; Blethyn et al., 2006) . The voltage-296 dependence of PF we observed appears to be consistent with these results. To confirm the 297 involvement of T-type Ca 2+ channels in generating PF, we performed recordings in the presence 298 of the specific antagonist TTA-P2 (1 µM). Under these conditions, depolarizing current steps still 299 led to action potential firing, but PF was completely eliminated (Apamin: 92%, Apamin+TTA-P2: 300 0%, n = 17, χ 2 (1) = 46.5, p = 10 -20 ; Fig. 4E,F) . Thus, T-type Ca 2+ channels are required for the 301 generation of PF. 302
303
The plateau potential underlying PF is mediated by a sodium current 304
It is possible that long-lasting plateau potentials in TRN neurons are entirely mediated by T-type 305 Ca 2+ conductances (Zylberberg and Strowbridge, 2017) . While these channels show rapid 306 inactivation following strong depolarization, their inactivation is not complete for smaller 307 depolarizations near the resting membrane potential, resulting in a steady-state inward 308 ("window") current (Williams et al., 1997) . However, PF observed in the present study was 309 accompanied by large membrane depolarizations that do not appear to be compatible with a 310 significant role of T-type Ca 2+ channels. Therefore, we systematically examined the possible 311 involvement of other voltage-or Ca 2+ -gated non-inactivating conductances. We first tested the 312 role of high-threshold Ca 2+ channels (L, P/Q, and N). In the presence of the selective L-type 313
antagonist Nimodipine (Nim, 20 µM; Fig. 5A ) the incidence of PF (Apamin: 92%, Apamin+Nim: 314 80%, n = 10, χ 2 (1) = 0.3, p = 0.6; Fig. 5B ) and plateau potential duration for cells with PF 315 (Apamin: 1108.5±126.6 ms, Apamin+Nim: 846.8±235 ms, t(48) = 0.9, p = 0.38; Fig. 5C ) 316 remained comparable to responses recorded in apamin. Similarly, incubating slices in the P/Q 317 and N antagonist ω-conotoxin MVIIC (ω-Ctx , 1 µM) did not lead to significant changes in the 318 incidence of PF (Apamin: 92%, Apamin+ω-Ctx: 70%, n = 10, χ 2 (1) = 1.4, p = 0.23; Fig. 5B ), and 319 plateau potential duration (Apamin: 1108.5±126.6 ms, Apamin+ω-Ctx: 726.7±196.2 ms, t(47) = 320 1.2, p = 0.24; Fig. 5C ), suggesting that high-threshold Ca 2+ channels do not play a critical role in 321
PF. 322
It is possible that plateau potentials are mediated by activation of a persistent Na + 323 current (I NAP ) (Kim and McCormick, 1998) . We found that in the presence of apamin and TTX 324 (500 nM), fast action potential activity was completely blocked, revealing a plateau potential in 325 9/16 cells (amplitude: 30±1.2 mV, n = 16, Fig. 5A ), a smaller fraction compared to conditions in 326 apamin (Apamin: 92%, Apamin+TTX: 56%, χ 2 (1) =10, p = 0.002; Fig. 5B ). Plateau potential 327 duration remained comparable to control (Apamin: 1108.5±126.6 ms, Apamin+TTX: 328 912.8±325.7 ms, t(49) = 0.7, p = 0.5; Fig. 5C ). These data indicate that while action potential 329 activity mediated by transient Na + currents or I NAP might facilitate plateau potential generation, 330 neither are strictly required. 331
Next, we examined if Na + current flow via conductances other than voltage-gated Na + 332 channels are essential for plateau potentials, by substituting the majority of extracellular Na + 333 with NMDG. We found that in the presence of NMDG (together with apamin and TTX) the 334 incidence of plateau potential generation was significantly reduced (apamin + TTX: 56%, 335 apamin + TTX + NMDG: 11%, n = 28, χ 2 (1) = 10.6, p = 0.001; Fig. 5A-C ), suggesting that PF is 336 mediated at least in part by a TTX-insensitive Na + current. 70%, n = 10, χ 2 (1) = 3.4, p = 0.65; QKO: 70%, n = 10, χ 2 (1) = 3.4, p = 0.65; Fig. 6B ) and 348 plateau potential duration (Apamin: 1108.5±126.6 ms, TRPC3 KO: 841.1±136 ms, t(47) = 0.9, p 349 = 0.39; QKO: 752.6±133.4 ms, t(47) = 1.1, p = 0.27; Fig. 6C ) were comparable to our 350 observations in WT animals, suggesting that at least 5 of the 7 TRPCs known to be expressed 351 in the brain are not involved in mediating PF. inward currents in cerebellar Purkinje cells (Kim et al., 2013) . We found that in the presence of 356 the broad spectrum TRP channel inhibitor flufenamic acid (FFA, 100 µM), PF was completely 357 eliminated (Apamin: 92%, Apamin+FFA: 0%, n = 17, χ 2 (1) = 46.6, p = 10 -20 ; Fig. 6A-C) . Next, we 358 examined the effects of the broad-spectrum inhibitor 2-Aminoethoxydiphenyl borate (2-APB) 359 which among TRP channels blocks TRPC7 and TRPM2, but does not inhibit TRPM4 or TRPM5. 360 2-APB had no effect on PF (Apamin: 92%, Apamin+ 2-APB: 90%, n = 10, χ 2 (1) = 0.4, p = 0.54; 361 1108.5±126.6 ms, Apamin+2-APB: 758±132.4 ms, t(49) = 1.3, p = 0.22; Fig. 6C ), ruling out a 363 role of TRPM2 or TRPC7 and suggesting that either TRPM4 or TRPM5 might mediate PF. Both 364 channels are voltage-dependent, monovalent-selective, and require increases in intracellular 365 Ca 2+ for their activation (Launay et al., 2002; Nilius et al., 2003) . We found that in the presence 366 of the TRPM4/5 antagonists 9-Phenthranol (9-Phen, 100 µM) and glibenclamide (Glib, 100 µM) 367 PF was completely eliminated (Apamin: 92%, Apamin+9-Phen: 15%, n = 15, χ 2 (1) = 34.2, p = 368 10 -14 ; Glib: 0%, n = 21, χ 2 (1) = 51.4, p = 10 -26 ; Fig. 6B ). As both antagonists are known to have 369 non-specific effects, we performed additional experiments using the recently developed CBA: 0%, n = 15, χ 2 (1) = 44, p = 10 -17 ; Fig. 6A,B conditions, brief depolarizing steps still led to prominent burst firing, indicating that T-type Ca 2+ 381 channel dependent dendritic depolarizations were not affected ( Fig. 6A ). However, none of the 382 cells displayed PF (Apamin: 92%, Apamin+Ba 2+ : 0%, n = 15, χ 2 (1) = 44, p = 10 -17 ; Fig. 6B,C) . 383
These data further confirm that T-type Ca 2+ channels alone are not sufficient to generate 384 plateau potentials. Instead, our data suggest that T-type Ca 2+ channel activation and the 385 resulting Ca 2+ increases lead to the activation of TRPM4 conductances and the generation of 386
PF. 387 388
Synaptic recruitment of muscarinic acetylcholine receptors suppresses PF 389
Finally, we examined the modulation of PF by synaptic activity. TRN neurons are the target of 390 cholinergic afferents from the basal forebrain and brainstem (Hallanger and Wainer, 1988) . Our 391 previous studies have shown that acetylcholine (ACh) release leads to a biphasic postsynaptic 392 response, with fast excitation mediated by nicotinic ACh receptors (nAChRs) and slow and long- displayed PF (Fig. 7A,C) . We reasoned that the activation of mAChRs and the resulting GIRK 400 activation might limit the expression of PF. Indeed, following atropine application to block 401 mAChRs, action potential firing was significantly prolonged in all neurons recorded (Control: 402 213.5±94 ms, Atropine: 416.3±84.1 ms, t(4) = 7.1, p = 0.002; Fig. 7A-C) , and the incidence of 403 PF increased from 40% to 80%. These data show that mAChRs can modulate the expression of 404
PF. 405 406
Discussion 407
Here we have identified TRPM4 as the mechanism underlying PF in adult neurons of the TRN. 408
Furthermore, our data indicate that the large depolarizations and intracellular Ca 2+ increases 409 required for TRPM4 activation are generated by Ca 2+ influx through T-type Ca 2+ channels. 410
Previous studies have focused on cellular pacemakers as being primarily responsible for slow 411 thalamic oscillations. Instead, our findings highlight that intrathalamic networks are equally 412 capable of generating slow rhythmic activity. 413
414
Mechanisms of PF in the TRN 415
Our results extend recent work that has implicated TRPM4 in controlling neuronal excitability in We found that in the presence of apamin, PF could be observed in most recordings, 439
suggesting that TRPM4 conductances are expressed in the large majority of TRN neurons. 440
Thus, SK channels control both the initiation and duration of PF, likely due to the close 441 functional association between T-type and SK2 channels (Cueni et al., 2008) . Similarly, we 442 found that GIRK conductances activated by M2 muscarinic receptors controlled the duration of 443 PF, suggesting that in vivo PF is not all-or-none but under constant regulatory control. While PF 444 has been observed in anesthetized preparations (Fuentealba et al., 2005) , the activity of a 445 number of modulatory systems converging on TRN might explain why PF has yet to be 446 described during natural sleep. 447
Plateau potentials and PF have been observed in neurons throughout the brain 448 from these results in four important aspects: First, PF did not require mGluR activation and the 459 resulting closure of K + leak conductances. Second, in the absence of mGluR activation, PF did 460 not occur in a cell-intrinsic manner but required fast synaptic inputs. Under our experimental 461 conditions, both cholinergic inputs and bursts of glutamatergic thalamic inputs triggered PF, 462 likely by generating global Ca 2+ spikes (Connelly et al., 2015) . Third, while T-type Ca 2+ channels 463 were important for the initiation of PF, our results are inconsistent with a critical role of I T in 464 generating long-lasting currents that lead to plateau potentials. We found that plateau potentials 465 reached levels of ~-45 mV, where T-type Ca 2+ conductances at steady-state experience near 466 full inactivation. Furthermore, the lack of PF in the presence of Ba 2+ , which should allow for the 467 generation of a I T -mediated window current (Huguenard and Prince, 1992) suggests that T-type 468 Ca 2+ currents alone are unlikely to mediate PF. Fourth, using the potent and selective 469 antagonist CBA (Ozhatil et al., 2018) , we showed that I CAN was essential for the generation of 470 plateau potentials and was mediated by TRPM4. It should be stated that the majority of TRP 471 antagonists employed in previous studies have a number of non-specific effects, so the 472 validation of CBA as a selective TRPM4 antagonist under our experimental conditions will 473 require independent confirmation in additional studies. 474 475
Mechanisms of slow thalamic oscillations 476
Accumulating evidence indicates that both cortex and thalamus can generate oscillations in 477
isolation, suggesting that rhythmic activity in the intact thalamocortical system results from the 478 complex interplay of multiple distinct oscillators (Crunelli and Hughes, 2010) . While there has 479 been extensive research on the cortical mechanisms mediating slow rhythms, the nature of 480 thalamic pacemakers are less well understood (Neske, 2016) . Previous work has shown that 481 indicating that both thalamic cell types act as conditional oscillators. Our findings derived from 485 adult thalamic slices highlight an alternative mechanism and suggest that networks of TRN and 486 VB cells can generate robust and long-lasting slow oscillatory activity, in the absence of 487 sustained afferent activity. We observed an inverse relationship between TRN firing duration 488 and oscillatory frequency. It is therefore tempting to suggest that changes in TRN activity as 489 seen during PF acts to reduce the frequency of thalamic oscillations, via recruitment of Summary data quantifying duration of evoked membrane depolarization in control (n = 111) and 811
in the presence of mGluR 1/5 antagonists (n = 23). C. Representative recording of neuron with 812 PF, initially held at a holding potential of -60 mV and then at -75 mV. D. Summary data 813 quantifying evoked depolarization duration as a function of holding potential for TRN cells (n = 814 15). E. Representative recordings in the presence of apamin and in the presence of apamin and 815
the T-type Ca 2+ channel antagonist TTA-P2. F. Summary data quantifying evoked depolarization 816 duration (n = 50 in apamin, n = 17 in apamin + TTA-P2). showing incidence of PF in the presence of nimodipine (n = 10), the P/Q-and N-type Ca 2+ 824 channel antagonist ω-conotoxin MVIIC (1 µM, n = 10), TTX (n = 16), and TTX and NMDG (n = 825 28). Dashed line indicates incidence of PF in apamin. C. Summary data from the same cells as 826 in B quantifying evoked depolarization duration in each condition. Grey solid line represents 827 criterion for PF. 828 showing brief barrage of ACh-evoked activity (black), which is prolonged following application of 844 the mAChR antagonist atropine (10 µM, blue). B. Raster plot of ACh-evoked neuronal activity 845 prior to and following atropine application, for the cell shown in A. C. Summary data quantifying 846 the average duration of ACh-evoked action potential activity before and after atropine 847 application (n = 5). 848
